Background: A time factor of radiooncological treatment has been demonstrated for several tumours, most prominently for head and neck squamous cell carcinoma and lung cancer. In glioblastoma multiforme studies of the impact of postoperative waiting times before initiation of radio-or radiochemotherapy were inconclusive. Moreover analysis of the impact of overall treatment time of radiochemotherapy as well as overall duration of local treatment from surgery to the end of radiochemotherapy is lacking to date.
Background
Glioblastoma multiforme (GBM) is the most common and malignant primary brain tumour. Current standard therapy consists of radical surgical resection followed by radiotherapy combined with concomitant and adjuvant chemotherapy using temozolomide [1] . Overall prognosis of GBM remains dismal, although different prognostic groups may be distinguished, e.g. by the commonly used recursive partitioning analysis (RPA) classification which was worked out by the Radiation Therapy Oncology Group (RTOG) consortium [2] [3] [4] [5] .
In many tumours, a negative impact of delayed radiotherapy or prolonged treatment time has been demonstrated, most prominently for head and neck squamous cell carcinoma and lung cancer, but also for slowly proliferating tumours such as breast and prostate cancer (e.g. [6] [7] [8] , reviewed in [9] [10] [11] ). The most likely mechanism is repopulation before and/or during treatment [10, 12] .
Presence of a time factor in aggressively proliferating GBM may be expected, but has not been systematically evaluated so far. This research topic is relevant as optimal schedules of radiation for GBM are still an open question. In addition, because of the poor prognosis, patients with GBM should be encouraged to be treated within clinical trials testing new treatment strategies. These trials require intensive, e.g. molecular predictive methods, which in many cases may delay start of radiochemotherapy due to the screening procedures. However, evidence that the time factor could be one reason for the poor outcome of GBM despite intense therapy is sparse. Whereas results on the impact of postoperative waiting times before initiation of radio-or radiochemotherapy are inconclusive [13] , evidence of the impact of overall treatment time of radiochemotherapy is lacking.
Therefore, the aim of this retrospective analysis was to investigate the time factor in a contemporary cohort of glioblastoma patients treated with high dose radiotherapy.
Patients and methods

Patients and inclusion criteria
We included patients who had been treated with radio-or radiochemotherapy for newly diagnosed GBM between November 2001 and January 2014 at the Department of Radiation Oncology, University Hospital Carl Gustav Carus, Dresden. The patients were treated according to the current standard at the particular time with the majority according to interdisciplinary tumour board recommendations under consideration of individual patient factors. Inclusion criteria for time factor evaluation were: age ≥ 18 years at start of radio (chemo) therapy (RCT), performance status better or equal Eastern Cooperative Oncology Group (ECOG) performance status 2 (complying with Karnofsky performance status ≥ 50), histologically proven glioblastoma multiforme or imaging typical for GBM in case of borderline histology results and applied radiation dose of 59.4 Gy (1.8 Gy/fraction) or 60 Gy (2 Gy/fraction) with or without simultaneous and adjuvant chemotherapy. Patients were excluded after previous cranial irradiation and if the prescribed dose was not applied. We included a total of 369 consecutive patients. This retrospective study was approved by our local institutional review board (IRB number: EK 18012014).
Radiooncological treatment and follow up
Radiotherapy fractionation changed from 33 × 1.8 to 30 × 2.0 Gy per fraction resulting in total doses changing from 59.4 Gy to 60 Gy during the study period (Fig. 1) . Total dose was prescribed to a clinical target volume including the surgical cavity and contrast-enhancing lesions visible in post-operative MRI, extended by a 20 mm margin for the majority of patients according to the trial-26981-22981 by the European Organisation for Research and Treatment of Cancer. Only 7 patients were treated slightly different according to the RTOG guidelines within a prospective clinical trial requiring shrinking field technique so that the boost of 10 Gy was applied to a smaller volume with reduced margins of 5 mm. After 2008, co-registration of post-operative MRI with radiation planning CT was possible and used for treatment planning. Radiotherapy was delivered with linear accelerators providing photons of energies ≥ 6MV. The field shaping device could be blocks or multileaf collimator. 3D-conformal radiotherapy plans were generated within a dedicated planning system. IMRT was used if appropriate with respect to target volume coverage or normal tissue sparing.
Two hundred forty eight patients (67.2 %) received simultaneous chemotherapy and were prescribed further adjuvant chemotherapy ( radiotherapy; adjuvant: 6 cycles of 150-200 mg/m 2 for 5 days during each 28-day cycle); however before 2005, some patients also received other alkylating agents like nimustin. Very few patients were treated with additional drugs within clinical trials, e.g. the angiogenesis inhibitor bevacizumab or the integrin inhibitor cilengitide. Only in one of these trials, temozolomide was replaced by another drug (bevacizumab and irinotecan: Glarius trial 2009-010390-21). The trials which had already been analysed and published were negative, i.e. the additional drugs had no impact on survival in the particular studies [14, 15] . Patients underwent pre-and postoperative MRI within 48 h if they had no contraindications. After biopsy only, no post-operative MRI was performed. Follow-up MRI was usually performed every 3 months. Neurosurgical resection preceding adjuvant therapy included biopsy, gross total or partial resection. The last two in that series were recorded according to operative report and validated by contrast enhancement in early postoperative imaging.
Endpoints
Endpoints were overall survival (OS) and progressionfree survival (PFS). They were calculated from the date of primary resection until the day of death for OS and until the diagnosis of progression based on imaging or until tumour-related death for PFS, respectively. Nonevent data were censored at last follow-up for OS and last imaging investigation without signs of progression for PFS. The endpoints were estimated by the KaplanMeier method. The impact of the following time intervals on outcome was evaluated under consideration of known prognostic factors by univariate and multivariate Cox-regression analyses: time interval between resection and start of RCT (TI); radiation treatment time (RTT), i.e. the time from the first to the last radiation fraction; and the overall duration of local treatment (ODT), i.e. the time from resection to the last radiotherapy fraction. Time intervals and age were analysed as continuous variables. The obtained results were verified by an alternative approach, splitting the cohort by the median of the considered factor and performing Log-Rank tests. P values smaller than 0.05 were considered significant. Statistical analysis was performed using the software programs IBM SPSS Statistics 21, STATA 11 (StataCorp LP, College Station, TX, USA) and GraphPad Prism 5.
Results and discussion
Patient characteristics and outcome of therapy Table 1 .
At a median follow-up of 14.9 months (range 4.6-71 months), median survival was 18.0 months with a 2-year overall survival rate (OSR) of 38.9 % after radiochemotherapy compared to 12.7 months and 12.6 % after radiotherapy alone. Progression-free survival was 7.5 months and the 2-y OSR 14.3 % compared to 6.0 months and 3.3 %, respectively (Fig. 2a) . The results for patients treated with radiochemotherapy but not for patients treated with radiotherapy alone are slightly better compared to those reported in the EORTC-NCIC landmark study with a median survival of 14.6 months and a 2y-OSR of 26.5 % after radiochemotherapy compared to 12.1 months and 10.4 % after radiotherapy [1, 16] . This is despite the fact that patient age is a prognostic factor and the trial by Stupp et al. was limited to patients ≤ 70 years, whereas our analysis does not include an upper limit of age, leading to a higher median age in our cohort. The better outcome in our radiochemotherapy cohort may be partially explained by the exclusion of patients who did not receive the prescribed radiation dose of 59.4 or 60 Gy in the present study in order to generate a homogeneous cohort for the evaluation of the time factor. The results of Stupp et al. were evaluated by an intent-to-treat analysis as usual for phase III trials. In 5 % of the patients radiochemotherapy was stopped early with an application of <90 % of the prescribed dose. Furthermore our analysis is monocentric, thereby reducing the well-recognized impact of heterogeneous staging procedures, prescription and treatments by different centres. In addition, our centre performs rigorous follow-ups and offers a significant proportion of patients with progression advanced therapy including repeated surgery, reirradiation and further chemotherapy. This is not expected to affect PFS but could affect overall survival and therefore potentially decrease the impact of time intervals on OS.
Prognostic parameters
Univariate analysis of prognostic and treatment related parameters revealed a significant impact on outcome for age, performance status, RPA-class, O6-methylguanin-DNA-methyltransferase (MGMT) promoter methylation, simultaneous chemotherapy and extent of resection (Table 2 , Fig. 3 ). In multivariate analysis, the parameters age, simultaneous chemotherapy and extent of resection remained significant whereas the independent impact of performance status and RPA-class could not be confirmed (Tables 3 and 4 ). As analysis of the MGMT methylation status became standard only in the recent years, this parameter was not available for the majority of patients evaluated here and therefore not included in the multivariate analysis. Another reason which might explain the missing independent impact of RPA-class on the results is that age, which is the most powerful RPA criterion, sufficiently explains the results in our cohort of patients. However, parameters that emerge from recursive partitioning analysis should be independent of each other [2, 5, 17] . It therefore appears likely that additional explanations contribute to the different results for RPA-class in our study compared to many other studies, including the retrospective and monocentric nature of our study with some missing data and the risk of centre specific selection and prescription bias. As performance status is the second most important factor for RPA-classing after age, varying ECOG-assessment between different observers is not unlikely. Lastly, a consecutive cohort treated in a routine setting may differ from study populations specifically recruited for a clinical trial or a prospective observational protocol for recursive partitioning analysis.
Waiting time from surgery until initiation of radio-or radiochemotherapy
The time interval (TI) between surgical resection and RCT initiation ranged from 11 to 112 days with a median of 27 days (Fig. 4a) . There was no impact of this time interval on OS and PFS both in univariate ( Table 2 , Fig. 2b ) and multivariate analysis (Tables 3 and 4) .
The lack of an impact of the time interval between surgery and onset of RCT was not completely unexpected as there are contradictory clinical studies pointing into both directions [13] . There are some studies indicating better outcome after shorter intervals as one would naturally expect from a radiobiological point of view and the knowledge coming from other tumour entities (Burnet, Jena et al. 2006 ). Some of these exclusively retrospective studies report time interval cut offs distinguishing prognostic groups, e.g. by 37 or 42 days [18, 19] . More precisely, authors report effect sizes in the dimension of survival reduction by 10 weeks per 4 week delay or by 11 weeks per 6 week delay. The same studies quantify an increased risk of death by 2 % for each day of delay or by 8.9 % for each week of delay until the start of radiotherapy [20, 21, 18, 19, 22] . Contradictory to these data, there are several retrospective datasets showing no effect of the time interval on patient outcome [23] [24] [25] [26] . More important, prospective clinical data support this missing effect at least for waiting times up to 6 weeks. The largest of all studies mentioned here, compiling prospective data of 2855 patients from 16 RTOG studies, has shown improved outcome for those patients with the longest time until initiation of adjuvant treatment [6] . These unexpected results are not undisputable as patients with better prognostic factors tended to have longer time intervals. Moreover, time interval was not looked upon continuously but considered as an ordinal variable with grouping of patients per week of delay. However, a currently published analysis of 198 patients treated within 4 prospective trials in the temozolomide era confirmed prolonged OS and PFS after short delay with start of postoperative radiochemotherapy at 30-34 days, after adjusting for prognostic factors in multivariate analysis [27] . But on the other hand there is good evidence supporting our results concerning the missing impact of the time interval before adjuvant treatment: Another study aggregating large prospective multicentre data of patients treated within the EORTC-NCIC trial in France did not indicate this time interval affecting patient outcome [24] . One limitation in the interpretation of all prospective clinical trial data is the restriction of the interval to maxima such as 6 weeks according to the study protocols. Thus, these prospective data provide better evidence than the above mentioned retrospective analyses, but they only allow the conclusion that waiting times of up to 6 weeks are safe and maybe somewhat beneficial compared to very short time intervals. Nevertheless, our analysis also does not allow conclusions regarding the impact of very long waiting times, as radiooncologists are aware of a potential negative impact of delays and thus avoid longer time intervals. In our analysis, 10.6 % of all patients had waiting times longer than 6 weeks and 3.5 % longer than 8 weeks. We acknowledge that our study has some drawbacks due to the retrospective nature of our study. However, in contrast to most of the published retrospective studies, our cohort is of appreciable size and is also less heterogeneous than most of the studies, which included different dose levels and sometimes also histologies other than glioblastoma like grade 3 tumours.
Treatment time of radio-or radiochemotherapy
Radiation treatment time (RTT) ranged from 40 to 71 days with a median of 45 days (Fig. 4b) . No effect of varying RTT on both survival endpoints was evident in the whole cohort (Fig. 2c) . Main reasons for minimal prolongations were machine breakdowns, patient related factors and public holidays. In many patients, shorter interruptions have been compensated for, e.g. by applying a second radiation fraction on some treatment days, thus keeping the radiation treatment time at 6-7 weeks. Compensation was usually not possible if longer prolongations occurred e.g. due to serious health problems of the patients, such as pulmonary embolism, requiring intensive-care medicine which was the case in the minority of patients. Another issue is that the fractionation schedule using 1.8 Gy per fraction results in a prolongation of 3 days compared to the schedule with 2.0 Gy per fraction. Hence, we looked for differences between and within the two fractionation schemes. The duration varied considerably between 43-71 days and a median of 48 days for 33 × 1.8 Gy versus 40-64 days and a median of 44 days for 30 × 2.0 Gy, but there was no correlation with survival. Furthermore, fractionation scheme was not a significant parameter in univariate (Table 2) or multivariate analysis (Tables 3 and 4) .
The data presented here are to our knowledge the first explicitly analysing the impact of treatment time of radio-or radiochemotherapy using homogeneous radiotherapy fractionation schedules on treatment outcome of GBM patients. The missing impact of RTT on outcome is in line with a recently published mathematical modeling study estimating a set of radiobiological parameters from clinical trial outcomes in GBM. The exploration of 559 and validation of 104 patients revealed a tumour doubling time of 37 (range 29-46) days and indicated a long kick-off time for accelerated repopulation as well as only moderate repopulation kinetics in GBM in general. Therefore, the authors concluded independence of the duration of overall treatment [28] . Nevertheless, analysis in the latter publication included different fractionation schemes, as it is also the case in various other studies investigating hypofractionation, so that conclusions concerning time factor cannot be drawn because of combined effects [29] . In contrast to our results and those by Pedicini et al. there are in vitro data showing repopulation in GBM cell lines [30] . Therefore it is possible that strong variations of treatment time could have an effect on survival after all. From our patient cohort, we cannot draw conclusions based on such very long radiation treatment times, because only 8.9 % of all patients had overall treatment times longer than 50 days and 1.1 % longer than 60 days (Fig. 4b) . As mentioned above, the policy in our department is to compensate unintended treatment interruptions (in the case of glioblastoma multiforme if they are longer than 3 days) by application of treatment fractions at weekends or second fractions The impact of time interval from surgery until initiation of radio-or radiochemotherapy (RCT), radiation treatment time and overall duration of local treatment from surgery to the end of radio-or radiochemotherapy on overall survival (OS) is shown at other treatment days [31, 11] . This is a limitation of the interpretation of our study concerning a missing time factor. The same limitation is also true for prospective clinical trials, as study protocols usually do not allow long prolongations. As the vast majority of patients in our study were treated within radiation treatment times of up to 50 days, a lack of the impact of radiation treatment time on patient outcome can only be concluded for RTT's up to 50 days. Evidence on the impact of very long radiation treatment times (>50 days) on patient outcome is also not expected in future, because compensation of treatment interruptions is widely Overall duration of local treatment time from surgery to the end of radio-or radiochemotherapy
Overall duration of local treatment time (ODT) is composed of the interval between surgery and onset of RCT (waiting time TI) and of radiotherapy treatment time (RTT). Both factors were already discussed in detail above. As there was no impact of both TI and RTT, no significant difference could be shown between the groups with short versus long ODT (51-154 days, median 74 days, Fig. 4c ) both in the univariate ( Table 2 , Fig. 2d ) and in the multivariate analysis for the whole cohort as well as within the different fractionation schemes (Tables 3 and 4) . Supplementary, for all periods of time analysed in this study, results obtained with time and age as continuous variables could be clearly verified by the alternative approach of splitting the cohort by the median of the considered variables both in univariate and multivariate analyses. Results were similarly conclusive for both OS and PFS. In addition to this, we could not show any impact on outcome of all the time variables evaluated (IT, RTT, ODT) neither in the patients with, nor those without simultaneous chemotherapy. As we could not find a time factor in this analysis, other radiobiological mechanisms than repopulation seem to be more important for aggressiveness and treatment resistance in GBM. Various hypotheses are under investigation. For example, clinical trials are attempting to target intrinsic radioresistance of GBM by treatment intensification using novel combined treatments and selective radiation dose escalation [32] . Another approach is relating to cancer stem cell density and niches, which are also subject of intense research [33, 34] .
Conclusion and outlook
No time factor, neither of waiting time nor of radiotherapy treatment time could be demonstrated for the treatment of GBM in this large contemporary single-centre cohort. Although we recognize that results of retrospective studies harbour important caveats, our data viewed in conjunction with the current literature indicate that short delays of postoperative RCT up to 6-7 weeks, e.g. for screening of a patient for a clinical trial, may be uncritical. Potential delay of treatment start by such procedures is additionally justified by the aim to improve the poor outcome in GBM which will likely require individualization of allocation to new treatment strategies based on good predictive biomarkers.
To the best of our knowledge, these are the first study results indicating absence of any impact of radiotherapy treatment time on clinical outcome of GBM patients. Furthermore, our data suggest that prolongation of radiotherapy treatment time up to 50 days has no impact on overall survival or progression free survival. Conclusions on longer treatment times cannot be drawn based on our data and warrant further investigation.
The missing impact of a time factor in GBM will be validated in a multicentric approach within the Radiation Oncology group of the German Cancer Consortium (DKTK-ROG). To further characterize the cohort presented here, imaging features and elaborate molecular investigations of the paraffin embedded tumour tissue stored in our hospital are planned.
